Purpose Chronic low back pain (CLBP) is one of the most important pain disorders with increasing social and economic implications. Given that CLBP is a multidimensional process associated with comorbidities such as anxiety and depression, treatment of chronic low back pain is still a challenge. Advancement of in vivo brain imaging technologies has revealed increasing insights into the etiology and pathogenesis of chronic pain; however, the exact mechanisms of chronification of LBP remain still unclear. The purpose of the present study was to analyse the neurostructural alterations in CLBP and to evaluate the role of comorbidities and their neurostructural underpinnings.
Introduction
Pain is ''an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described with terms of such damage'' [1] . Low back pain (LBP) is one of the most important pain disorders with increasing social and economic implications. The life-time prevalence of LBP ranges from 60-85 % [2] , affecting men and women equally, with onset most often between the age of 30-50 years [3] . Most cases of LBP are idiopathic, i.e. they cannot be assigned to a precise pathoanatomical diagnosis, whereas in about 10-15 % of cases an underlying pathology can be identified (e.g. degenerative processes, regional inflammation, infection or neoplasm) [2, 3] . Most cases of LBP are self-limiting, with 90 % of patients returning to work within several weeks; however, with increasing duration of pain the outcome gets worse [2] . Hashemi [4] reported that in the US population only a minority of LBP cases lasted for [1 year (4.6-8.8 %), but they accounted for a majority of costs of LBP patients. In Germany, back pain accounts for 15 % of all days off work due to sickness and 18 % of all early retirements [5] .
Advancement of in vivo brain imaging technologies has revealed increasing insights in the etiology of chronic pain. Structural and functional reorganization of the brain of patients suffering from chronic pain are hypothesized to contribute to the development and maintenance of the disease [6] . As similar brain alterations can be observed in several chronic pain disorders such as chronic back pain, irritable bowel syndrome (IBS), fibromyalgia, chronic headache and chronic regional pain syndrome (CRPS), it may be discussed whether chronic pain might be regarded as a distinct disease [7] . Given that chronic pain is a dynamic, multidimensional process associated with the evolution of comorbidities such as anxiety and depression [8] , treatment of chronic pain is still a challenge.
In chronic low back pain (CLBP), studies using in vivo single-voxel proton magnetic resonance spectroscopy ( 1 H-MRS) have revealed evidence for alterations of brain chemistry in chronic pain patients, e.g. within the dorsolateral prefrontal cortex (DLPFC) [9] . Voxel-based morphometry (VBM) studies enabling to compare the volumes of white and gray matter in specific brain areas have shown compelling evidence for grey matter changes of brain regions associated with pain processing (DLPFC, thalamus, dorsolateral pons, somatosensory cortex) [10] [11] [12] . However, the exact mechanisms of chronification of LBP remain still unclear.
In the present study, we have examined a well-characterized German population of 14 patients suffering from chronic low back pain (pain duration [1 year) and 14 matched healthy volunteers using MRI-based Voxel-based morphometry to identify neuroanatomical differences between patients and controls that may increase insights in the process of chronification of LBP. Psychometric assessments were performed to evaluate the role of psychological comorbidities in CLBP and their neurostructural underpinnings.
Materials and methods

Description of the patient population
The patient population consisted of 14 patients [8 female and 6 male patients; average age 54 years (range 41-73 years)] suffering from chronic low back pain (CLBP) for at least 1 year (range 1-30 years; mean 10 years) according to IASP criteria [13] . Patients were recruited from the Department of Orthopedic and Trauma Surgery, University of Cologne, Germany. Pain was primarily localized within the lumbar or lumbosacral region, with or without radiation to the buttocks, thighs or legs. 5 out of 14 patients had a history of spinal surgery due to LBP (failed back surgery syndrome, FBSS). Patients suffering from relevant sensimotor deficits (pareses [4/5 and/or sensory deficits within more than 1 dermatom) were excluded from this study. Pain intensity during the 4 weeks before examination was evaluated using a Numerical rating Scale (NRS) with a range from 0 (corresponding to ''no pain'') to 10 (corresponding to ''worst pain imaginable''); all patients included in this study stated a NRS score C4. Experience of chronic LBP was assessed using the Pain Experience Scale (''Schmerzempfindungsskala'' SES) [14] , a well-proven diagnostic tool allowing quantification of affective and sensory characterization of chronic pain. Pain-related disability was evaluated by the German version of the Oswestry Disability Index version 2.1 (ODI) [15] .
Pain-free controls were recruited via advertisements and pairwise matched to the patients with respect to gender and age. All subjects except for one patient and one control were right-handed. Individuals with a history of any disorder with a potential impact on brain structure such as hypertension requiring medical treatment, neurological or psychiatric disorders, traumatic brain injury, diabetes mellitus, rheumatologic disorders, and any chronic pain disease different from CLBP were excluded from this study. In addition, to ensure safety of magnetic resonance imaging (MRI) examination, subjects with known claustrophobia, metal implants in body, tattoos and not removable metallic jewelry were excluded.
For further characterization of patients and controls, all individuals were asked to complete the German version of the NEO-FFI questionnaire [16] , based on the big five theory of personality [17] and assessing the personality dimensions ''neuroticism'', ''extraversion'', ''openness for new experiences'', ''agreeableness'' and ''conscientiousness''. In addition, anxiety and depression were measured using the German version of Beck's Depression Inventory (BDI-II) [18] and Beck's Anxiety Inventory (BAI) [19] .
Imaging
Magnetic Resonance Imaging was performed at the Life&Brain Center in Bonn on a 3 T scanner (Magnetom Trio, Siemens, Erlangen, Germany). A neurovascular eight-channel head coil was used for signal reception. All subjects underwent the same imaging protocol consisting of whole brain T1-weighted, and T2-weighted structural imaging.
T1-weighted images were obtained using an MP-RAGE sequence with 160 slices (TR = 1,300 ms, TI = 650 ms, TE = 3.97 ms, resolution 1.0 9 1.0 9 1.0 mm, flip angle 10°).
Data analysis
All imaging data were transferred to a cluster of Linux workstations for processing. The structural images were visually inspected for any structural abnormalities.
Voxel-based morphometry (VBM8 toolbox, download from http://dbm.neuro.uni-jena.de/vbm8/) was performed via the SPM8 package (Wellcome Department of Imaging Neuroscience, London, UK; available online at http://www.fil.ion.ucl.ac.uk/spm), which was executed on a Matlab 7.9 platform (Mathworks, Sherborn, MA, USA). A number of preprocessing steps were carried out using VBM8 with default parameters (bias regularization 0.0001 and bias cutoff FWHM 30 mm). In brief, each subject's 3D T1-weighted structural image was de-noised with a spatial adaptive non-local mean (NLM) filter, intensity-corrected with an adaptive Maximum A Posterior (MAP), spatially normalized with Tissue Probability Map (TPM) and segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using a mixed approach of MAP segmentation and Partial Volume Estimation (PVE). Moreover, the data were de-noised with a Markow Random Field model to remove incorrectly classified voxels. As customized DARTEL templates in VBM achieve a closer match between the template and the study participants, a customized DARTEL template for the total sample was created by the affine and DARTEL-warped GM using a 12-parameter affine transformation within the DARTEL toolbox. Each GM segment was morphed into a customized DARTEL template, which was in stereotactic space of the Montreal Neurological Institute (MNI). All segments were non-linearly modulated in order to preserve actual GM values locally in individual brains. Finally, the modulated GM segments were written with an isotropic voxel resolution 1 mm 3 and smoothed with a Gaussian kernel set at 8 mm full width at half maximum (FWHM) to reduce possible errors from between-subject variability in local anatomy and render the data more normally distributed.
Smoothed GM segments were entered into a voxel-wise multiple regression analysis (based on the general linear model: GLM) to investigate the differences in regional gray matter volume (rGMV). A cluster extent threshold of p \ 0.001 with an extend of 100 voxels was applied. Anatomical regions were identified based on Wake Forest University (WFU) Pick Atlas [20] . The neurosynth database was used for discussion of the observed results (http://www.neurosynth.org) [21] . The volumes of global gray matter (gGMV) were exported with the VBM8 option.
Results
Clinical and psychometric data
According to the Numerical Rating Scale (NRS) evaluation, intensity of CLBP during 4 weeks prior to examination ranged from 4 to 10 (mean 7.6; SD 2.07).
Evaluation of chronic LBP experience using the Pain Experience Scale (SES) [14] revealed a mean score of 38 (affective pain) and 22 (sensory pain), both corresponding to a T-score of 55 according to a reference sample of 1,048 pain patients by Geissner [14] . Therefore, 12 individuals displayed average pain, 1 patient displayed below-average pain, and 1 patient showed above-average pain with regard to affective characterization of pain. With regard to sensory pain characterization, 10 patients showed average pain, and 4 patients showed above-average pain.
The Oswestry Disability Index (ODI) scores displayed a range from 20 to 84 (mean 48; SD 17).
Analysis of the NEO-FFI questionnaire [16] revealed a significantly higher score for ''neuroticism'' (p \ 0.001; mean difference-11.79, 95 % CI [-16.6;-7] ) and a significantly lower score for ''openness for new experiences'' (p = 0.029; mean difference 4.86, 95 % CI [0.55;9.12]) in patients than in controls, whereas there was no significant difference with regard to ''extraversion'', ''agreeableness'' and ''conscientiousness''.
Evaluation of Beck's Depression Inventory (BDI-II) [18] showed significantly higher depression scores in CLBP patients (mean 19.86; SD 15.25) than in healthy controls (mean 1.71; SD 2.02) (p \ 0,001; mean difference -18.14, 95 % CI [-26.6; -9.7] ). According to the cutoffscores of the German version of BDI-II to assess depression severity as proposed by Hautzinger [22] (0-8: no depression; 9-13: minimal depression; 14-19: mild depression; 20-28: moderate depression, and 29-63: severe depression), 5 CLBP patients showed no depression, 1 minimal depression, 2 mild depression, 3 moderate depression, and 3 severe depression, whereas all 14 controls showed no depression. Analysis of Beck's Anxiety Inventory (BAI) [19] also showed significantly higher anxiety scores in patients suffering from CLBP (mean 22.71; SD 11.03) than in controls (mean 1.57; SD 1.67). According to cutoff-scores of the German BAI version [23] (0-7: minimal anxiety; 8-15: mild anxiety; 16-25: moderate anxiety; 26-63: severe anxiety), 2 CLBP patients displayed minimal anxiety, 7 moderate anxiety and 5 severe anxiety, whereas 14 controls showed only minimal anxiety. Results of psychometric assessment are given in Table 1 .
Imaging results
The total grey matter volume (GMV) in healthy controls was 600 ± 55 cm 3 and significantly reduced in the patient cohort with 553 ± 74 cm 3 (T = 1.901; p \ 0.05, onesided). The same effect was observed in the total white matter volume (WMV) with 629 ± 98 vs. 568 ± 74 cm 3 (T = 1.847; p \ 0.05, one-sided). For both measures we observed an age-dependent decrease in the controls as well as in the patient group [R 2 = 0.256 (controls); R 2 =0.235 (patients)].
When investigating regional grey matter differences, we observed several significant clusters with reduced grey matter density in CLBP patients compared to healthy controls, including the middle cingulate gyrus, thalamus and dorsolateral prefrontal cortex (DLPFC; for a complete overview of the results see Table 2 ). No significant increases were observed. Within these regions, we checked for correlations to anxiety and depression (as measured by BAI and BDI) to exclude the possibility that the differences may be explained by differences in these scores. No significant correlations within the patient group (at p \ 0.001) to both scores were observed in the regions that showed a significant difference between both groups.
In a whole brain analysis, no correlations were observed with the BDI. We did observe significant negative correlations in the patient group to BAI in the anterior cingulate and left lingual gyrus. With regard to the affective Pain Experience Scale we again found a negative correlation in the anterior cingulate gyrus. We did not find any correlations to the sensory Pain Experience Scale and the Numerical Rating Scale with respect to back pain intensity 4 weeks prior to examination.
Discussion
Chronic pain is a stressor that promotes an extended and destructive stress response involving neuroendocrine dysregulation, fatigue and dysphoria, myalgia and impaired mental and physical performance potentially leading to a vicious cycle of stress and disability [24] . Chronic low back pain (CLBP) is a complex multidimensional entity encompassing distinct psychological and behavioral alterations often leading to serious impairment of quality of life. Emerging in vivo brain imaging techniques have revealed increasing insights in functional and morphological changes in chronic pain conditions; however, the exact mechanisms of pain chronification remain unclear.
Maladaptive stress response is playing a substantial role in the pathogenesis of several psychiatric disorders such as depression or anxiety [24] . In the present study, psychometrical analyses revealed compelling evidence for psychological alterations associated with chronic low back pain (Table 1) . BAI and BDI-II analyses showed significantly higher anxiety and depression scores within the patient sample than in controls; in addition, the NEO-FFI analysis revealed a significantly increased score for ''neuroticism'' and a decreased score for ''openness for new experiences'' in CLBP patients. It is especially noteworthy that we excluded patients with any known history of a psychiatric disorder; therefore, no patient included in the present study had received any psychological or psychiatric treatment yet.
As expected from results of previous chronic pain studies [10, 25, 26] , brain morphometric analysis revealed that global grey matter volume was reduced in CLBP patients when compared to controls. Regional VBM analysis revealed significant decreases of grey matter density in CLBP patients in several regions that are discussed to play a potential role in the pathogenesis of chronic pain conditions.
Since the thalamus is an important source of nociceptive input to the cortex, thalamo-cortical processes have been hypothesized to play a major role in the pathophysiology of Eur Spine J (2013) 22:1958-1964 1961 chronic pain conditions. This hypothesis is underlined by the observation of neurochemical alterations within the thalamus in CLBP patients when compared to healthy volunteers [27] . Based on this hypothesis, the thalamus is now found to be an important target for neurosurgical treatment with deep brain stimulation in pain syndromes [28] . In a previous CLBP study, Apkarian and colleagues [10] showed that the right thalamus was reduced in grey matter density in patients with chronic back pain. SchmidtWilcke and colleagues [11] , on the other hand, showed an increase in left thalamic grey matter in CLBP patients. Those studies differed with respect to the patient sample under investigation in that Schmidt-Wilcke excluded all patients with radiculopathies, whereas Apkarian included patients suffering from radiating pain. However, the different results are not easily interpreted. In our study population, we were able to reproduce a significant decrease in right thalamus gray matter, underlining the important role of the thalamus in reorganizational processes of chronic pain (Fig. 1) . A region of exceptional interest in brain imaging studies of chronic pain conditions is the dorsolateral prefrontal cortex (DLPFC). In our present study, we found a significant decrease of grey matter density within the DLPFC in CLBP patients. Previous PET studies suggested a major role of the DLPFC in controlling pain perception by modulation of cortico-subcortical and cortico-cortical pathways [29] . In addition, several studies have highlighted the potential role of the DLPFC in placebo analgesia [30] [31] [32] and pain catastrophizing [33] . In a brain chemistry study of patients suffering from chronic back pain using in vivo single-voxel proton magnetic resonance spectroscopy ( 1 H-MRS), Grachev and colleagues [9] were able to demonstrate a depletion of N-acetyl aspartate and glucose within the DLPFC. As N-acetyl aspartate may act as a more sensitive marker of neuronal loss in the brain than structural MRI [9] , these results indicate a crucial role of the DLPFC in brain reorganization in CLBP. In a subsequent seminal study using voxel-based morphometry, Apkarian et al. [10] . were able to confirm bilaterally reduced grey matter density in chronic back pain patients when compared to healthy controls. Seminowicz and colleagues [34] described a decrease in cortical thickness of the DLPFC in CLBP patients which could even be reversed by treatment, i.e. spinal surgery or facet joint injections. In this study, using an interference task, they additionally showed functional deficits within in the DLPFC of chronic pain patients which were also normalized after effective treatment, hinting at reversibility of chronic pain induced cortical aberrations. In addition, investigating patients suffering from primary osteoarthritis of the hip, Rodriguez-Raecke et al. [35] . demonstrated reversibility of grey matter decrease within the DLPFC after successful total hip replacement. These results are in line with another recent study examining grey matter volumes in patients with different entities of ongoing pain as well as in patients with past-pain, i.e. pain that has stopped more than 12 months ago. In relation to pain-free controls, the DLPFC was significantly decreased only in the group with ongoing pain [26] . These and other studies convincingly show the important involvement of the DLPFC in pain processing and highlight the potential of brain remodeling after successful treatment. Among the brain regions showing a decreased grey matter density in our CLBP population, the middle cingulate gyrus has also been shown to play a significant role in chronic pain diseases. In a study of older adults suffering from CLBP, Buckalew and colleagues [12] found a non-significant trend to decreased middle cingulate gyrus volumes in the patient group when compared with healthy controls. The results are supported by functional brain imaging studies that have revealed evidence for altered middle CC activity in different pain conditions [36] [37] [38] underlining the hypothesis that reduced MCC response is an adaptive cortical mechanism in acute pain that contributes to chronic pain development [12] . Nevertheless, we have to be careful interpreting these results with respect to chronic pain only. As for example the DLPFC has been reported to be involved in major depressive disorders [39] , changes in brain grey matter architecture may also be driven by comorbidities such as anxiety and depression. Therefore, using Beck's Anxiety Inventory (BAI) [19] and Beck's Depression Inventory (BDI-II) [18] , we checked within these regions if the observed structural differences could be explained by anxiety or depression. With respect to the BDI, we did not observe any correlations to the structural data. BAI scores did not correlate with grey matter density within the DLPFC, the thalamus and the middle cingulate gyrus. A significant negative correlation was observed only in the anterior cingulate gyrus. This area is well known to be involved in mood disorders [40] , offering also a potential explanation for the negative correlation to the affective Pain Experience Scale.
In the present study of a well-characterized population of CLBP patients we found compelling evidence for alterations of grey matter architecture in brain regions playing a major role in pain modulation and control. Our results fit to the hypothesis of a ''brain signature'' of chronic pain conditions [41] . As shown above, neuroanatomical brain abnormalities in CLBP patients may at least partly reverse after effective treatment, emphasizing the importance of an optimal, individual therapy of each patient. There is striking evidence for comorbidities such as anxiety and depression in chronic pain conditions; therefore, each CLBP patient should be evaluated individually in an interdisciplinary approach including orthopaedic, neurological as well as psychological examination and specific treatment. However, despite increasing insights into the pathogenesis of pain chronification, the exact causes of brain architecture alterations in CLBP remain unclear yet. Further prospective studies including endogenous factors (e. g. genetics) are necessary to clarify the exact mechanisms of back pain chronification, leading to an optimal individual therapeutic approach for each patient. 
